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Woody debris is a natural component which plays both positive and negative roles in the ecosystem. 
It can be defined as a combination of downed trees, branches, roots, stumps and snags. The positive roles, it 
provides habitats for vertebrates, insects and microorganisms in aquatic and forest ecosystems. Negative roles, 
it increases the destructive potential of floods and debris flows. Quantifying the volume, entrainment and 
deposition of woody debris can help predict the roles of, or prevent hazards from, woody debris in the 
watershed. The study aims to develop a procedure for estimating woody debris recruitment into streams 
following a landslide and debris flow, including the entrainment process of woody debris due to debris flow. 
The specific objectives of this study are presented (1) To estimate potential woody debris recruitment as a 
consequence of shallow landslides and (2) To study the transport and deposition of woody debris by debris 
flows in the watershed. 
To achieve these aims, this study is divided into five main steps: (1) developing a rainfall-induced 
shallow landslide model for predicting areas of instability; (2) coupling the rainfall-induced shallow landslide 
model and forest properties to estimate the volume of woody debris caused by shallow landslides; (3) 
developing the sliding block model for debris flow runout based on Newton’s second law of motion and the 
concept of momentum to explain the entrainment of woody debris due to debris flows; (4) developing the tree 
stability model to evaluate the stability of trees related to the forces of debris flows; and (5) evaluating the 
woody debris deposition zone related to rainfall-induced landslides and debris flows using the integrated 
rainfall-induced shallow landslide and GIS-based debris flow runout models.   
The mechanism behind rainfall-induced shallow landslides is a rising groundwater table, which 
builds significantly the positive pore water pressure on a slope. It may reduce the effective stress and leads to 
a reduction in shear strength on the failure plane. These changes may lead to shallow landslides or slope failure 
because the shear resistance in a hillslope is governed mainly by the shear strength of hillslope, in which 
effective stress is the main control parameter. The rainfall-induced shallow landslide model integrates the 
hydrologic and infinite slope stability models. The model used to analyse shallow landslides triggered by 
rainwater used in this study is based on two major hypotheses: 1) the shallow landslide characteristics are 
based on an infinite slope and, (2) the hydrological conditions are based on steady state subsurface flow and 




the groundwater table is parallel to the topography. Hence, the deterministic model can be divided into three 
main parts: 1) rainwater seeps into the sloping soil surface, 2) the groundwater table generates caused by 
infiltrating rainwater and flows downslope, and 3) the stability of the slope changes in accordance with the 
groundwater level based on the limit equilibrium method. Therefore, the modified Green-Ampt equation for a 
sloping surface was used to calculate the rainwater infiltration. The groundwater table was developed based 
on Darcy’s law for steady subsurface flow. The infinite slope stability model was the main model to analyse 
the stability of slope. To verify the performance of the rainfall-induced shallow landslide model, this study 
used two historical landslide cases in Thailand and Japan. The data show that the rainfall-induced shallow 
landslide model is able to predict landslides at the regional scale. The accuracy of the model based on the 
factor of safety of the Khao Panom landslide is 0.63. For the Iwaizumi landslide case, the accuracy is 0.72 for 
the model based on factor of safety.   
To estimate the woody debris recruitment caused by rainfall-induced shallow landslides, this study 
combined unstable areas as determined by the shallow landslide model with tree density data and observational 
data following the occurrence of a landslide. Figure 1 presents the procedure for estimating woody debris due 
to rainfall-induced shallow landslides. The study site is a sub-catchment of the Omoto River watershed in 
Iwaizumi, Iwate Prefecture, Japan, which was struck by Typhoon Lionrock in 2016. From field observation, 
the volume of woody debris in the stream caused by Typhoon Lionrock was approximately 702 m3. According 
to calculation, potential woody debris recruitment into stream was approximately 638 m3. The results show 
that the proposed procedure can estimate the woody debris recruitment a watershed; however, the procedure 
underestimates the amount of woody debris recruited when compared to field-based measurements. 
 
Figure 1 Procedure for estimating woody debris due to rainfall-induced shallow landslides. 
 
Considering the behaviour of debris flow, it showed that debris flows can destroy trees in the flow 
path. The debris flow may convey the woody debris to downstream. Hence, the mechanism of woody debris 
entrainment by debris flows is described using the momentum changes of debris flows due to the entrainment 
of woody material. In this study, the momentum changes are termed the momentum of entrainment. The debris 
flow was described by the sliding block model. The sliding block model is a lumped mass model utilised to 
describe the movement of the centroid of a debris flow. The debris flow begins to accelerate when the acting 
force exceeds the movement resistance force caused by the frictional force. Therefore, to analyse sliding block 
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motion, the acting force is a significant result of the driving force and movement resistance. In this analysis, 
gravity imposes a driving force, while the movement resistance is developed based on a combination of 
Coulomb’s friction law and Terzaghi’s effective stress principle. The tree stability index is proposed to identify 
the stability of trees attacked by debris flows. The mode of tree failure is assumed to be a soil–root failure 
mode. The soil–root failure mode is characterised by the failure plane passing through both the soil and the 
root of the tree. In this study, the case of the hemisphere shape was considered because the hemisphere shape 
is in good agreement with the observational data. Figure 2 presents the schematic of tree stability analysis and 
distribution of flow slide forces. The tree stability index is the ratio of the resisting shear force to the driving 
shear force. The resisting shear force was assumed based on the Mohr–Coulomb failure criterion and root 
cohesion concept. The results show that the tree stability index is effective at predicting the stability of trees. 
 
Figure 2 Schematic of tree stability analysis and distribution of flow slide forces. 
 
The area in which woody debris is deposited can be predicted using the coupled rainfall-induced 
shallow landslide and debris flow runout models. In this study, the procedure for landslide-mobilised debris 
flow analysis and woody debris deposition is divided into five main steps. Figure 3 presents the calculation 
framework for determining landslide-mobilised debris flows and woody debris deposition. 
 In the first step, the debris flow initiation is calculated using the rainfall-induced landslide model. 
Moreover, the volume of the debris flow is estimated by the unstable area of the landslide.   
 In the second step, the peak discharge of the debris flow is determined using empirical formulae. The 
peak discharge is an important variable for determining the maximum velocity, flow depth, momentum 
and impact forces, as well as the runout distance.  
 In the third step, the flux and velocity of the debris flow are calculated based on Hunt’s (1994) model. 
In addition, the infinite flow direction is used to determine the movement and route of the debris flow.   
 In the fourth step, tree stability caused by the forces of the debris flow is calculated.  
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 In the final step, the debris flow deposition and potential woody debris deposition areas are 
calculated.  
 
Figure 3 Calculation framework to determine landslide mobilized debris flow and woody debris deposition. 
 
This study uses the debris flow runout model proposed by Hunt (1994), which treats debris flows as laminar 
and as a Newtonian fluid. The model is governed by the Navier–Stokes continuity equation. The velocity 
disappears at the channel bottom and both the normal and shear stresses disappear at the free surface. The 
conditions of woody debris movement and deposition are based on the individual log motion concept proposed 
by Braudrick and Grant (2000), Haga et al. (2002) and Mazzorana et al. (2011). The individual log motion 
used the concept of equilibrium of driving force based on hydrodynamic and resistance forces on individual 
large pieces of woody material. The shape of the woody debris pieces was assumed to be cylindrical. The case 
study for evaluating the performance of the proposed concept is a landslide and debris flow event that took 
place in the city of Kure, Hiroshima, Japan, in July 2018. According to the calculation, the integrated model is 
able to predict the deposition areas of woody debris as a result of debris flows. However, the results 
overestimate the debris flow path and the woody debris deposition areas.   
 
This study focused on the relationship between woody debris recruitment and rainfall-induced 
shallow landslide events as well as the entrainment of woody debris related to debris flows. The study findings 
and the conclusions drawn therefrom are set out below.  
1. This study developed the rainfall-induced shallow landslide model. The results of these cases 
demonstrated that the rainfall-induced shallow landslide model has the potential to become a practical method 
for assessing landslide hazards on a regional scale. However, the spatial condition of engineering properties of 
soil was not discussed in this study. 
2. To estimate the potential woody debris recruitment due to shallow landslides triggered by rainfall, 
the study proposed an estimation method. The model proposed in this study underestimated the woody debris 
entrained downstream by approximately 9.1%. 
3. When the debris flow moves downslope, it can destroy and entrain trees along its path. The tree 
stability model was developed based on the Mohr–Coulomb failure criteria and root cohesion related to the 
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root strength of the tree in the form of a hemisphere. The changing momentum was applied to describe the 
entrainment of woody debris due to debris flows. In addition, the sliding block model was applied to simulate 
the debris flow runout. The results of the model are a good fit for the data obtained from the field observations. 
The unknown factors of tree and soil parameters are critical variables in the calculation. However, the woody 
debris moved and entrained by debris flows exhibits complex behaviour and the pattern of tree distribution has 
influence on the root cohesion, hence the simulation of woody debris movement and entrainment should be 
considered in terms of discrete elements and the space between the trees. 
(4) The woody debris deposition area was predicted using the coupled rainfall-induced shallow 
landslide and debris flow runout model on the GIS platform. According to the calculation, the integrated model 
was able to predict the deposition areas of woody debris due to debris flows. However, considering the riparian 
forest, it has a strong influence on woody debris recruitment, because the fluvial processes in the steep channel 
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全率）を算定し，斜面の安定性を評価するモデルを開発した．2011 年タイ国 Kao Phanom 土砂災害およ
び 2016 年北海道東北豪雨災害にて甚大な被害を受けた地域を対象に検証し，良好な精度が得られた． 
第 4 章は，開発した斜面崩壊モデルから発生流木量を推計する手法について記述している．地理情報シ
ステムにより対象流域の土地利用が森林，かつ（安全率）<1 の総メッシュ数を算出した．そして，Global 








木が堆積する位置も推計できるモデルであり，平成 30 年 7 月豪雨にて甚大な流木災害が発生した広島県
呉市の地域を対象に検証し，良好な精度が得られた．土石流とともに流下した流木の堆積の素過程モデル
を開発した重要な成果である． 
第 7 章は，結論である． 
以上，要するに本論文は，流木流出の一連のプロセスに基づく物理統合モデルを世界に先駆けて構築し，
斜面崩壊・土石流・流木流出メカニズムについて検討したものであり，環境科学の発展に大きく貢献でき
る成果である． 
よって，本論文は博士（学術）の学位論文として合格と認める． 
